The design/operation of a household thermal storage refrigerator was investigated. Demonstrated that single speed compressor efficiency increases with displacement. The additional cooling capacity of larger compressors can be accumulated in a PCM. Integration of a PCM into the refrigerator allows for an extended off-cycle period. Combination of large compressors and PCMs enhances overall refrigerator efficiency. a r t i c l e i n f o 
Introduction
A growing global environmental awareness and the rising costs of energy are driving the demand for the development of sustainable cooling technologies. It is estimated that refrigeration and air-conditioning are responsible for 15% of the global electricity consumption [1] . There are approximately 1 billion domestic refrigerators in use worldwide [2] , and although their direct GHG emissions have been greatly reduced by the introduction of hydrocarbon refrigerants, their indirect emissions remain very high due to the electricity input needed for operation of the refrigerator. Most governments have implemented minimum energy performance standards for household refrigerators and energy labelling programs to regulate the market and drive the search for innovative solutions, to further improve the efficiency of these appliances.
The energy consumption of refrigerators is affected by the efficiency of their components, ambient temperature, product loading, number of door openings, thermostat setting position and refrigerant migration during the compressor off-cycle. The main load to 1 2 3 4 5 6 7 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55 the cabinet results from conduction through the cabinet walls and consequently by replacing the standard polyurethane foam insulation with vacuum insulated panels (VIPs), energy savings of up to 25% can be achieved [3] . Door openings also introduce heat gains into the refrigerator compartment due to heat transfer to interior surfaces and air exchange with the exterior ambient air. The energy consumption of a refrigerator-freezer with door openings (one opening every 40 min for the freezer and one every 12 min for the refrigerator over a 10 h period) was found to increase by 10% compared to the same product without door openings [4] . The significant influence of thermostat setting position has been demonstrated experimentally and suggests that a 1 C reduction in the freezer temperature can result in a 7.8% increase in energy consumption [5] . In addition, the losses resulting from refrigerant charge displacements e.g. due to off-cycle migration and on-cycle redistribution, were estimated to be 11% (in capacity) and 9% (in energy efficiency) [6] . However, the energy loss due to refrigerant charge displacement can be prevented by fitting a liquid line solenoid valve to stop refrigerant migration from the condenser to the evaporator during the compressor off-cycle. The compressor is responsible for more than 80% of the total energy consumed by the refrigerator. Energy savings of up to 40% are possible by replacing a standard single speed compressor by a variable speed compressor (VSC), which adjusts the refrigeration capacity in relation to the load [7] . Both VIPs and VSCs are very promising technologies, however they are also very expensive, which limits their application to premium appliances only.
Phase change materials (PCMs) are substances with high latent heat content that freeze and melt at a nearly constant temperature, accumulating or releasing large amounts of energy during the process. The application of PCMs in domestic refrigerators is a novel solution with the potential to improve the appliance efficiency. The cooling energy stored in the PCM can be used to cool the compartment, increasing the refrigerator energetic autonomy, while the power supply is switched off. This approach was taken by Azzouz et al. [8] , who tested a domestic refrigerator with 5 Â 10 À3 and 10 Â 10 À3 m (i.e. 5 and 10 mm) ice slabs in contact with the evaporator surface. Their results showed that the time for which the refrigerator could be operated without power supply increased by up to 5 and 9 h respectively, depending on the thermal load. It was observed however, that only 60% of the 10 mm slab was frozen when the compressor switched off during the tests, probably due to the low thermal conductivity of the PCM, and/or the low cooling capacity of the 5 Â 10 À6 m 3 (i.e. 5 cm 3 ) swept volume compressor employed.
In the next section of the current paper, it is demonstrated that for current single speed compressors efficiency increases with the compressor size. The impact of compressor selection on conventional refrigerators' energy consumption and running time is also demonstrated. However, high efficiency is only achieved when the compressor is running, and frequent on/off cycling of the compressor will reduce the overall efficiency. An effective way to exploit the higher performance of large compressors is to accumulate their excess cooling capacity in a PCM, thereby extending the length of the on and off cycle periods and minimizing the number of cycles per unit time.
The remainder of the paper describes a numerical and experimental investigation of the heat release and storage rate of encapsulated ice, which was used as the thermal energy storage material (i.e. PCM) in the refrigerator. The mathematical model used to predict the heat transfer during the phase change is based on the enthalpy method [9] , with the governing equations discretized on a fixed grid using the finite difference method. The influence of PCM thickness (2, 3, 4 and 5 mm slabs) and ambient temperature (20 C, 25 C, 30 C) and evaporating temperature (À15 C and À10 C) have been investigated numerically. The numerical model was validated experimentally at two ambient conditions using a test rig specifically designed for that purpose. The test rig consisted on a prototype refrigerator, fitted with a 5 mm PCM slab, which was cooled by an external coolant system.
Compressor size and efficiency
In the design of energy efficient domestic refrigerators it is important both to incorporate novel, energy efficient solutions, e.g. PCMs, and to combine them in the most efficient way with other components. This section considers the performance for different sizes of single speed compressors, which is a key component influencing refrigerator efficiency.
Compressor manufacturer datasheets provide information on compressor performance under ASHRAE conditions [10] , i.e. a condensing temperature of 54.4 C, and ambient, liquid and suction gas temperatures of 32.2 C. These operating conditions are quite different from those obtained when the compressor is part of a domestic refrigeration system. Therefore, compressor performance under ASHRAE conditions may not reflect how well compressors will perform under more realistic conditions e.g. at ambient conditions normally found in domestic refrigeration. For example, the annual average room temperature is well below 32 C and the suction temperature during typical operation of a refrigerator is normally much lower than 32 C. At lower ambient temperatures the compressor COP is higher as the pressure ratio will decrease due to a lower condensing temperature (providing that the same evaporating temperature is maintained).
Compressor performance can be evaluated by its isentropic efficiency, which compares the actual compressor energy consumption with the energy necessary for an ideal (i.e. reversible and adiabatic) compression process. The isentropic efficiency varies between 0 and 1. An analysis of the compressor performance for different displacements (i.e. compressor sizes) was carried out, to compare isentropic efficiencies under typical refrigerator operating conditions. The RSþ3 compressor unit selection tool program developed by Danfoss [11] was used to predict performance data for each compressor displacement for typical domestic refrigerator operating conditions, i.e. condensing temperature of 35 C, ambient temperature of 25 C, evaporator superheat of 1 K and compressor suction temperature of 15 C, and assuming a suction line heat exchanger (SLHE) efficiency of 65% [12] .The CoolPack software, version 1.46 [13] was then used to calculate the compressor isentropic efficiency for each compressor size at a range of evaporating temperatures (from À35 C to À10 C). The input data used in the program (cooling capacity, power consumption and COP) were obtained from the RSþ3 program. A more detailed description of this analysis can be found in Marques et al. [14] . The isentropic efficiency and cooling capacity for a range of compressor displacements is shown in Figs. 1 and 2 respectively.
As can be seen in Fig. 1 , in general larger compressors are more efficient, with the isentropic efficiency increasing from 0.4 to 0.6 as the displacement increased from 4 to 8 cm 3 . The isentropic efficiency appeared to reach a maximum at a displacement of 8 cm 3 and thereafter stayed the same or decreased slightly, although, the volumetric efficiency increased proportionally with displacement, for all of the compressor sizes evaluated. Therefore, the 8 cm 3 compressor was the most efficient size amongst the compressors considered, for typical domestic refrigerator chilled storage conditions. Fig. 2 shows that the cooling capacity also increases proportionally with compressor displacement.
Comparison of compressor sizes in a conventional domestic refrigerator
Calculations were undertaken for a static conventional refrigerator to establish the impact of compressor selection on the overall system performance. The refrigerator efficiency was evaluated in terms of total energy consumption and running time of the appliance. The running time was estimated from the heat load into the refrigerator compartment calculated as described below and the cooling capacity of the compressor, based on the data reported in Fig. 2 .
The heat load into a conventionally sized under-counter refrigerator of internal dimensions 0.75 Â 0.45 Â 0.46 m was calculated by considering a steady state heat gain and then by adding an additional gain of 10% to account for real usage operation i.e. periods of door openings and introduction of warm food into the compartment. The ambient temperature was assumed to be 25 C, which corresponds to the test temperature of the European Standard EN 153 [15] for subtropical refrigerators. It was considered that the back wall of the refrigerator would be warmer than the side walls and door due to the condenser being mounted on this wall. The condenser temperature was assumed to be 35 C. Additional heat from the compressor compartment was assumed to provide an extra 7.5 C to the bottom surface of the refrigerator. The compartment design temperature was 5 C and as a baseline, an evaporating temperature of À10 C was considered. The three mechanisms of heat transfer, conduction, convection and radiation were considered in the heat load to the refrigerated compartment. These were combined in the form of a global heat transfer coefficient (U) and the heat load into the refrigerator was then calculated using Equation (1) .
The heat load at 25 C was estimated to be 23.8 W. Table 1 presents the overall refrigerator performance with the different compressor displacements evaluated in Section 2. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 As can be seen in Table 1 , the 8 cm 3 compressor was optimal for the refrigerator specified above under typical operating conditions. An energy reduction of 19.5% was predicted by replacing the smaller 4 cm 3 compressor by an 8 cm 3 model and the run time decreased from 22% to 10%. Since the run time of the appliance decreases as the compressor displacement increases the time required to cool the compartment becomes very short but the compressor needs to be used more frequently. In order to fully exploit the higher performance of large compressors it is necessary to apply them in a novel way so that their excess cooling capacity is used effectively in cooling the refrigerator compartment. This can be achieved by storing cooling energy in a PCM. This results in the number of start/stop operations of the compressor being reduced and the overall energetic autonomy (i.e. off-cycle length) of the refrigerator being increased. The accumulated thermal energy can also improve the compartment temperature stability when the heat load suddenly increases e.g. during intense periods of door openings or product loading.
PCM heat release and storage rate model
Phase change processes are transient in nature as the temperature within the material varies with time and position. During the melting and solidification processes the solid/liquid interface moves according to the rate at which latent heat is absorbed or lost at the boundary. As a result the position of the boundary at any particular time during melting or solidification is not known and has to be determined as part of the solution for any phase change model [16] .
Mathematical formulation
The PCM employed for the experimental tests (and simulated in the model) was water. The top surface of the water container was placed in thermal contact with the refrigerator evaporator, while the bottom surface of the enclosure was subjected to natural convection from the refrigerator compartment. To simplify the model, the side walls of the PCM container were assumed to be insulated, and therefore heat transfer within the PCM was treated as one dimensional. The following assumptions were also adopted to simplify the mathematical model:
1. Constant thermophysical properties for the PCM (e.g. thermal conductivity and specific heat), although different values were assumed for each phase; 2. The interface thickness was assumed to be zero with a sharp front separating both phases; 3. Constant latent heat, which was released or absorbed at a fixed phase change temperature; 4. Constant density for both phases; 5. The convection in the melted regions was neglected; 6. Supercooling effects were assumed to be non-existent; 7. The PCM container walls were assumed to be very thin and to have a negligible effect on the rate of heat transfer between the refrigerated compartment and the PCM; 8. It was assumed that conduction was the only heat transfer mechanism occurring inside the PCM.
The conservation of energy in the solid and liquid phases is described by differential Equation (2) .
where a ¼ a sol for 0 < y < sðtÞ; t > 0; and a ¼ a liq for sðtÞ < y < B; t > 0 (2) The energy balance at the interface is obtained from Equation (3).
The heat load was applied to the bottom surface of the PCM (y ¼ 0) as a boundary condition. This heat load (Q fridge ) was calculated as indicated in Section 3. At the top surface boundary (y ¼ B) a cooling capacity (Q evaporator ) was applied during the freezing process. This cooling capacity was estimated for an 8 cm 3 compressor model evaporating at À10 C, using CoolPack [13]. The 8 cm 3 compressor was identified (in Sections 2 and 3) as the most efficient model for the standard refrigerated storage conditions, to be simulated. It was assumed that the PCM was initially completely solid at a temperature of 0 C, and all of the PCM (both solid and liquid) continued at this temperature during the melting process. The PCM was assumed to be in thermal equilibrium with the refrigerator air at the beginning of the freezing cycle, therefore the PCM was initially all liquid at 5 C, but its temperature was reduced to 0 C before the phase change process started.
Numerical solution
The algebraic approximations normally used to solve differential Equations (2) and (3) require the phase change boundary to be tracked within the PCM volume. The enthalpy method was applied to simplify the problem as it eliminates the necessity to trace the solideliquid interface. The energy Equations (1) and (2) were re-written by replacing temperature with total enthalpy. The problem was solved numerically using the explicit finite difference method [9] , where the PCM (of dimensions 0.46 Â 0.45 Â B m) was divided into a number of equal thickness/size layers and Equation (4) was applied to each layer.
At the boundaries, Dt Â Q fridge replaced the first term in brackets in Equation (4) for the bottom layer boundary, whilst Dt Â Q evaporator replaced the second term in Equation (4) for the top layer boundary. The thermal conductivity used in Equation (4) was defined as a function of the liquid fraction (L f ) in the PCM. The liquid fraction was obtained using the appropriate expression selected from those shown below.
The thermal conductivity was then calculated using the appropriate condition from those shown in 6.
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In order to ensure convergence, the time step Dt and layer thickness Dy were selected to comply with the following criteria:
(Dt/Dy 2 ) < (rcp/2k). The boundary conditions used for the PCM freezing and melting process simulations are shown in Table 2 .
Effect of PCM thickness on the charge and discharge rates
The total storage capacity for the PCM modelled varied between 138 kJ for a 2 mm slab and 345 kJ for a 5 mm slab. To determine the PCM freezing and melting times with different thicknesses, a refrigerator heat load of 23.8 W was assumed, which corresponded to an ambient temperature of 25 C. The compressor was assumed to be off during the melting process and to be running continuously with a cooling capacity of 246 W during the freezing process, which corresponded to an evaporating temperature of À10 C. The predicted influence of PCM thickness on melting and freezing times is shown in Figs. 3 and 4 respectively.
From Fig. 3 it can be seen that the melting time increased from 101 min (i.e. 6060 s) to 252 min (i.e. 15,120 s) as the PCM thickness increased from 2 mm to 5 mm. In Fig. 4 , the freezing time was 13 min for the 2 mm slab and 34 min for the 5 mm slab.
Effect of ambient temperature on the charge and discharge rate
The effect of ambient temperature on the PCM charge and discharge rate was evaluated for a 5 mm PCM slab. The fridge heat load and evaporator cooling capacity for the range of ambient temperatures are listed in Table 2 . Figs. 5 and 6 demonstrate the influence of ambient temperature on the PCM melting and freezing times.
In Fig. 5 , the melting time decreased from 320 min to 208 min when the ambient temperature was increased from 20 C to 30 C, which corresponded to a reduction of 65% in refrigerator autonomy i.e. without power supply. Fig. 6 shows that the freezing time increased slightly with ambient temperature, with an additional 7 min being needed to freeze the PCM at 30 C ambient, as compared with 20 C ambient.
Effect of evaporating temperature on the PCM freezing time
The influence of evaporating temperature on the PCM freezing time was estimated using the cooling capacity of the 8 cm 3 compressor at À10 C (262 W) and À15 C (213 W) for an ambient temperature of 25 C. The analysis was performed using a 5 mm PCM slab. The impact of evaporating temperature on the PCM freezing time is illustrated in Fig. 7 .
It was found that the freezing time increased by 26% as a result of reducing the evaporating temperature from À10 C to À15 C. The strong influence of evaporating temperature on PCM freezing time was to be expected, since the compressor COP increases linearly with evaporating temperature.
Experimental evaluation of PCM freezing/melting process

Experimental test rig
The experimental rig, which was designed to validate the numerical model, consisted of a prototype under-counter refrigerator (internal dimensions 0.75 Â 0.45 Â 0.46 m) cooled by an external coolant system as illustrated in Fig. 8 . The coolant system was used instead of a traditional vapour compression system, in order to Fig. 3 . Effect of thickness on the PCM melting time. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 prevent temperature cycling, thus maintaining steady state conditions within the heat exchanger throughout the experiments. The PCM employed was 1 kg of pure (distilled) water (dimensions 0.45 Â 0.46 Â 0.005 m). This material was selected due to its suitable phase change temperature, safety and large latent heat of fusion. The PCM container used was an open topped copper box, enclosed at the top with a heat exchanger supported by eight plastic cylinders, which ensured that the PCM thickness was consistently 5 mm across the whole surface area. The heat exchanger consisted of a 0.002 m thick copper plate with an 8.1 m copper tube (0.0064 m external diameter) soldered to the plate surface. The tube was arranged in a spiral shape to ensure that heat transfer to the PCM was spatially uniform (see Fig. 9 ).
The ethylene glycol/water solution was cooled in the thermostatic controlled bath (to À10 C) and pumped through the horizontal heat exchanger, freezing the PCM beneath, which then cooled the refrigerator compartment. After exiting the heat exchanger the coolant was returned to the thermostatic bath completing the circuit. A ball valve was used to control the inlet flow to the heat exchanger. It was opened at the beginning of each PCM charge cycle and closed once the PCM temperature readings indicated that the PCM was frozen.
Temperature measurements in PCM, coolant and refrigerator compartment
The temperatures within the PCM, at the inlet and outlet of the heat exchanger, in the refrigerator compartment and the ambient temperature were measured with calibrated T-type thermocouples 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66 which were connected to two IOTech Personal Daq/56 data acquisition systems. The thermocouples were calibrated in a temperature controlled Julabo refrigerated/heating circulator bath against a platinum resistance thermocouple with an accuracy of AE0.06 K. The average uncertainty of the temperature measurements was AE0.3 C. A total of 14 thermocouples were distributed uniformly (in 2D) inside the PCM (as shown in Fig. 13 ). The ambient air temperature in the test room was closely controlled during the experiments to 20 C, 25 C and 30 C, to an accuracy of AE0.5 C, using an air-conditioning system.
Estimation of system cooling capacity and heat gain by the refrigerator compartment
The cooling duty was calculated from the coolant mass flow rate and the temperature difference between the glycol inlet and outlet for the heat exchanger. The glycol mass flow rate was measured to an accuracy of AE0.015 kg s À1 using a GEM turbine type volume flow meter and a Hengstler Tico 731 tachometer. The overall heat transfer coefficient (U-value) for the refrigerator prototype was measured experimentally to determine the real cabinet heat gain from the ambient environment. A fan with a power of 21 W was fitted inside the refrigerator compartment, and the whole experimental rig was placed in a controlled temperature room at 22 C until thermal equilibrium was reached. The fan power, ambient and refrigerator temperatures were averaged over a stable period of 5 h to calculate the U-value of the refrigerator prototype, which was determined to be 0.61 W m À2 K
À1
.
Results and discussion
Comparison of predicted and measured PCM temperatures during freezing/melting cycle
The PCM initial temperature; the estimated heat gain into the refrigerator prototype; and the cooling duty measured during the experiments, were introduced into the finite difference model described in Section 4 and used to calculate the PCM charge and discharge rate. The numerical model predictions and the experimental results were then compared. Figs. 10 and 11 show the PCM temperatures during a charge/discharge cycle predicted by the numerical method together with those for the experimental results recorded, for an ambient temperature of 20 C and 25 C respectively.
The PCM temperatures predicted by the numerical model closely matched the temperature profile measured during the experiments as demonstrated in Figs. 10 and 11. A similar profile was obtained at 30 C ambient. PCM melting times of 175 min (2.9 h) and 290 min (4.8 h) were predicted for ambient temperatures of 30 C and 20 C respectively. During the PCM freezing cycle, heat was removed from the heat exchanger and the PCM. The difference between the cooling supplied and the cooling removed was approximately 40 W. This is because there was heat gain from ambient. Taking the heat gain into consideration the error between cooling supplied and cooling removed was only approximately 7.5% on average. There was a slight discrepancy in the PCM temperatures at the beginning of freezing cycle as the sensible heat was predicted to be removed from the PCM more slowly by the numerical model than that measured in the experimental rig. It is believed that the small difference between the model predicted results and the experimental data is due to the fact that the model neglected the convection currents inside the PCM (while in liquid state), which enhanced heat transfer and therefore resulted in a faster freezing rate during the first part of the cycle. Table 3 shows the average difference between the predicted and experimental results for total freezing and melting times.
As can be seen in Table 3 there was a good agreement between the numerical model prediction and experimentally measured PCM freezing and melting times.
Overall, the experimental results indicated that the integration of a 5 mm PCM slab into the refrigerator would allow 3e5 h of continuous operation without power supply depending on the ambient conditions. 6.2. Experimentally measured data for PCM during charging
Temperature distribution in the PCM
The experimental results showing the glycol bath, coil inlet and outlet temperatures and the PCM centre temperature measured during the freezing cycle are presented in Fig. 12 . The PCM temperatures at a range of locations in the PCM are shown in Fig. 13 .
As can be seen in Fig. 12 the heat exchanger coil outlet temperature decreased rapidly during the first 10 min as sensible heat was removed from the PCM. The steep increase in the coil outlet temperature between 9.7 and 11.3 min marked the beginning of the phase change from liquid water to solid ice. Thereafter, the coil outlet temperature decreased slowly until the PCM was completely frozen i.e. fully charged. Of the 14 thermocouples placed inside the PCM, 12 were distributed at a height of 3 mm, whilst the remaining Fig. 10 . PCM centre temperature during the charge and discharge cycle at 20 C ambient. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 two were placed at the PCM centre (thermocouples 8 and 9) and positioned at heights of 1 and 4 mm respectively. Fig. 13 shows that the PCM centre was the last region to freeze (thermocouple 8). At this location the temperature remained constant as the latent heat was released and suddenly decreased after 55 min indicating that the ice crystallization had reached the PCM centre. The temperature distribution within the PCM was largely uniform. A large portion of the PCM volume (80%) was frozen after 35 min; this was apparent from the abrupt temperature decrease below 0 C for 40% of the thermocouples (see Fig. 13 ) as sensible heat began to be removed from the ice.
Supercooling effect
Supercooling occurs when the temperature of a liquid is lowered below its freezing point without it becoming a solid [17] . It is seen in Fig. 13 , that the water PCM was supercooled to À1.5/À2 C before the ice formation process started. The crystallization process of the PCM material involves a combination of nucleation and growth of ice crystals within a crystalline structure. The effect of subcooling makes it necessary to reduce the temperature below the phase change temperature to start crystallization and to release the latent heat stored in the material. If nucleation does not happen, the latent heat is not released, and the material only stores sensible heat. It is seen in Fig. 13 , that the water PCM was supercooled to À2 C during 2.3 min before the solidification process started. At a temperature of À2 C, 8 kJ kg À1 of sensible heat was lost due to subcooling, which is much less than the latent heat release of 333 kJ kg À1 during crystallization. Because the heat released during solidification/crystallization is larger than the heat lost due to supercooling, the temperature inside the PCM rises to the melting temperature and remains there until the phase change is completed.
Conclusions
The compressor performance analysis demonstrated that in general, larger compressors are more efficient, with isentropic efficiency increasing by 50% as the displacement increased from 4 to 8 cm
3 . An energy reduction of 19.5% was predicted for the static refrigerator by replacing the 4 cm 3 with an 8 cm 3 compressor, for continuous operation. However, in a conventional refrigerator a larger compressor would result in more on/off cycling reducing the efficiency. The method proposed to exploit the superior performance i.e. efficiency, of larger compressors is to accumulate their excess cooling capacity in a PCM increasing the refrigerator autonomy i.e. off-cycle period, without power supply, from a few minutes to several hours. The PCM heat release and storage rate model developed indicated that the melting and freezing time increased proportionally with PCM thickness. Employing thin PCM slabs ( 5 mm) ensured that the net volume of the compartment was not reduced substantially, while moderate length compressor run times (i.e. on-cycle times) were obtained. Both the numerical simulation and the experimental results demonstrated that the integration of a 5 mm PCM slab into the refrigerator allowed between 3 and 5 h of continuous autonomous operation i.e. without power supply, depending on thermal load. The numerical model, which predicted the PCM charge and discharge time was found to be in good agreement with the experimental results with the majority of the experiments showing a margin of error between predicted and experimental values of <5%, and the remainder within 10%. The combination of a large displacement compressor and a thin PCM is a novel design approach that has the potential to significantly enhance refrigerator efficiency. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19   20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36 ATE5188_proof ■ 5 December 2013 ■ 9/9
